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Magnetization behavior across a metamagnetic transition from an antiferromagnetic state to a ferrimagnetic
state is investigated in detail for compound Mn2Sb0.95Sn0.05. The study clearly brings out various generic
features associated with a first-order transition, viz., the appearance of hysteresis and the coexistence of
magnetic phases. We also observe that the magnetization versus field butterfly loops occurs, while the virgin
curve lies outside the envelope magnetization curve. The electronic specific-heat coefficient at low tempera-
tures increases with increasing applied magnetic field, after the field is larger than the critical transition field.
This is direct evidence of the formation of a super-zone gap that yields the change of density of electric states
and further proves that the large magnetoresistance effect in intermetallic compounds is originated from the
reconstruction of Fermi surface due to the collapse of the super-zone gap after the metamagnetic transition.
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The intermetallic compound Mn2Sb crystallizes in the
Cu2Sb-type tetragonal structure with two structurally non-
equivalent cation positions I and II, which are tetrahedrally
and octahedrally surrounded by anions, respectively. Mn1
and Mn2 atoms in these two positions have magnetic mo-
ments of different values and opposite directions. As a con-
sequence, the Mn2Sb compound is a ferrimagnet below its
Curie temperature TC=550 K.1 In addition to the phase tran-
sition from a paramagnetic state to a ferrimagnetic (FI) state,
compounds with substituted elements (Co, Cr, Cu, and V) for
Mn, as well as of Ge and Sn for Sb, exhibit another phase
transition to an antiferromagnetic (AF) state as the tempera-
ture decreases.2 Below the FI-AF transition temperature, a
metamagnetic transition from AF to FI state can be induced
by an applied external field, with which a large magnetore-
sistance (MR) effect is associated.3–5 In our previous work,3
the magnetotransport behavior across the metamagnetic tran-
sition from a low-field and low-temperature AF state to a
high-field and high-temperature FI state was studied for
Mn2Sb1−xSnx s0,xł0.4d compounds. The origin of the
large MR effect was discussed in terms of the reconstruction
of Fermi surface, due to the collapse of a super-zone gap
after the metamagnetic transition. However, no direct evi-
dence of the formation of such super-zone gap that should
yield the change of density of the electron states (DOS) in
this kind of compounds has been reported so far. Moreover,
no detailed demonstration has been given of the first-order
nature of the metamagnetic transition. The present paper fo-
cuses on one sample with composition Mn2Sb0.95Sn0.05,
among the Mn2Sb1−xSnx s0,xł0.4d compounds investi-
gated before.3 The present work deals with the first-order
nature of the AF-FI transition and gives direct evidence of
the formation of the super-zone gap in Mn2Sb0.95Sn0.05 com-
pound. The study of magnetic and magnetotransport proper-
ties was limited, in our previous work,3 to the temperatures
above 50 K and magnetic fields below 5 T. In this work, the
measurements for magnetic and magnetotransport properties
on the Mn2Sb0.95Sn0.05 compound are extended to lower tem-
peratures (down to 5 K) with higher magnetic fields (up to
8 T). Furthermore, the measurement of specific heat in zero
field and in magnetic fields (B=3.5 and 4 T) was carried out
at a constant pressure fCP= sdQ /dTdPg from 25 to 1.8 K.
This detailed study allows us to draw additional conclusions
concerning the magnetic and magnetotransport properties of
this kind of material. The observation of a hysteresis in mag-
netization and of the coexistence of different magnetic
phases (through the technique of minor hysteresis loops)
clearly reveals the first-order nature of the metamagnetic
transition. The electric specific-heat coefficient at low tem-
peratures increases with increasing the applied field, above
the critical transition field, which gives the first direct evi-
dence of the formation of the super-zone gap. One of the
main contributions of the present work is to prove experi-
mentally the point of view that the large MR effect in inter-
metallic compounds is originated from the reconstruction of
Fermi surface.
The sample used in the present study belongs to the same
batch of samples as used earlier in the study of magnetic and
transport properties and the detailed preparation and charac-
terization of the sample can be found elsewhere.3 We used a
commercial superconducting quantum interference device
magnetometer for measuring the magnetization and used a
commercial measurement platform [a physical property mea-
surement system (PPMS) from Quantum Design] for mea-
suring the MR both as a function of temperature and mag-
netic field. The measurement of specific heat in zero field
and in different magnetic fields was performed at a constant
pressure fCP= sdQ /dTdPg from 25 to 1.8 K using the
PPMS.
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Figure 1 shows the temperature dependence of the resis-
tivity rsTd of Mn2Sb0.95Sn0.05 measured in zero field and in
an applied field of 8 T. In the zero field rsTd first decreases,
then rises abruptly at a certain temperature, reaches a maxi-
mum, and finally decreases with decreasing temperature. The
FI-AF transition temperature TFI-AF, defined as the tempera-
ture at which resistivity abruptly rises, is 85 K (slightly
lower than the previous value of 94 K).3 As reported before,3
for Mn2Sb1−xSnx s0.15,xł0.4d compounds, the magnetic
field shifts the TFI-AF towards lower temperatures. For the
present compound Mn2Sb0.95Sn0.05, the resistance in a field
of 8 T decreases monotonously with decreasing temperature
and no TFI-AF is observed. This indicates that below the
TFI-AF for the zero field, the field-induced AF-FI metamag-
netic transition happens at fields less than 8 T. A large nega-
tive magnetoresistance hMR= frsHd−rs0dg /rs0dj is associ-
ated with this metamagnetic transition (see the inset of Fig.
1) and no peak is observed for the temperature dependence
of the MR for Mn2Sb0.95Sn0.05.
Figure 2 compares magnetic-field dependences of MR
and magnetization at 5 K. The absolute MR starts to in-
crease, when the metamagnetic transition occurs at the field
of 1.5 T. After the metamagnetic transition, the MR does not
saturate up to the maximum applied field of 8 T. This indi-
cates that the sample does not reach a completely ferrimag-
netic state in the range of available fields. A MR as large as
−71% in the field of 8 T is obtained at 5 K.
Figure 3 shows magnetization curves taken at 5 K. The
magnetization shows a sharp rise until B=1.5 T indicating a
field-induced AF-FI transition. The onset field BM of AF-FI
transition is estimated as the field at which the M-B curve
changes the curvature from convex to concave. Below this
field, the compound is in the AF state, the appearance of
nonlinearity at low fields is probably due to parasitic ferro-
magnetism. When the field is reduced after crossing the criti-
cal value BM, a large hysteresis is observed. A sharp rise in
magnetization accompanied by a hysteresis is traditionally
taken as a signature of a first-order magnetic transition. This
hysteresis is different from that normally found in hard fer-
romagnets. The hysteresis in the case of a ferromagnet,
which is due to domain wall pinning and/or anisotropy, has a
maximum width at B=0, while in the present case the width
almost goes to zero at B=0. Apart from the hysteresis, the
other signature of the first-order transition is the coexistence
of different magnetic phases. We now show the experimental
observation of the phase coexistence through the technique
of minor hysteresis loops (MHLs). A MHL results when the
direction of a field is reversed before the transition is com-
pleted. One can initiate a minor loop on the ascending-field
circle (i.e., reduce the field before the transition is com-
pleted). The minor loop initiated at a low field of 1 T in the
field-increasing cycle on the virgin curve is completely re-
versible, indicating that the transition has not yet begun (see
the inset in Fig. 3). As we initiate minor loops from high
fields, we start to observe hysteresis, and the amount of hys-
teresis, increases as the value of the field for initiation of the
MHL is increased. This indicates that the field-increasing
curve (above BM) corresponds to the transformation of the
AF phase to a FI phase, with the AF phase persisting as a
metastable phase over some field regime. Similarly, the field-
decreasing curve corresponds to the transformation of the FI
phase to the AF phase, with the FI phase persisting as a
metastable phase over some field regime. The MHLs thus
show the presence of the phase coexistence in the region
FIG. 1. Temperature dependence of the resistivity of
Mn2Sb0.95Sn0.05 compound at zero field and at a magnetic field of
8 T. The inset is for temperature dependence of the MR of
Mn2Sb0.95Sn0.05 compound.
FIG. 2. Field dependence of MR and magnetization of
Mn2Sb0.95Sn0.05 compound at 5 K.
FIG. 3. MHLs initiated during both the ascending-field cycle
and the descending-field cycle at the fields of 1, 2, 4, and 6 T at
5 K.
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bounded by the envelope curve. Had there been no phase
coexistence, we would not have been able to produce any
MHL and all the minor loops would have been reversible.
This is in good agreement with the previous report,3 in which
we can see the phase coexistence clearly from the tempera-
ture dependence of MR in a fixed applied field, the field
dependence of MR and magnetization in different tempera-
tures.
The hysteresis loop collapses before B=0 and reappears
in the third quadrant when the field crosses B=0 in the nega-
tive direction, resulting in a butterfly loop (see Fig. 4). Such
double loops have been observed in ferroelectrics, and it has
been conclusively shown that only a first-order transition can
explain this feature.6 We are unaware of similar arguments in
the case of AF-FI transition. Moreover, clearly shown in Fig.
4, a virgin curve lies outside the envelope curve during a
first-order AF-FI transition. Such a relation between the vir-
gin curve and the envelope curve is quite uncommon in mag-
netic materials except for some granular materials7,8 in which
the surface-to-volume ratio plays an important role and in
Fe-Co-Ni alloys.9 In the latter case, no explanation has been
given for such an anomalous relation between the virgin and
envelope curve. In our bulk material, the surface-to-volume
ratio is definitely much smaller than was the case in Refs. 7
and 8; in addition, the magnetic properties of our material is
different from those of Fe-Co-Ni alloys. A similar phenom-
enon was observed in CesFe0.96Al0.04d2, where an AF-F (fer-
romagnetic) transition happens.10
Figure 5 shows results of the measurement of specific
heat CP. the linear curves allow a determination value of the
electronic specific heat coefficient g from the relation CP
=gT+b T3. It can be seen that the substitution of Sn for Sb
leads to the significant decrease of g from 40 mJ K−2 mol−1
for Mn2Sb to 32 mJ K−2 mol−1 for Mn2Sb0.95Sn0.05. This
change in the g can be connected with a change in the type
of magnetic ordering.11–13 The substitution of Sb by Sn at-
oms in the nonmagnetic sublattice leads to the quantitative
redistribution of the sublattice magnetization Mn1 and Mn2
and the transition from FI to AF state.2,3 Moreover, with
increasing Sn concentration, the AF exchange interaction of
Mn1 and Mn2 becomes stronger and shifts the phase transi-
tion temperature to higher temperatures. However, no direct
evidence of the formation of the super-zone gap in this com-
pound, which can connect the change of electric state density
with magnetic transition, has been reported so far. Figure 5
shows the T2 dependence of CP /T for compound
Mn2Sb0.95Sn0.05 in different fields. At 3.5 T, g has evidently
increased, and at 4 T, g continues the increase. This indi-
cates that as the applied field passes the critical field of the
AF-FI transition, the electronic specific-heat coefficient g in-
creases with increasing the field. This means that when the
metamagnetic transition occurs, the electronic specific-heat
coefficient g starts to increase. These results illustrate clearly
that the super-zone gap is formed in the AF state, leading to
the decrease in the DOS near the Fermi level, and when
ferromagnetic state is recovered by the metamagnetic transi-
tion, the DOS at Fermi level increases. The results prove
further that the large MR effect in this type of compound is
originated from the reconstruction of Fermi surface, due to
the collapse of the super-zone gap after the metamagnetic
transition.
In conclusion, we have investigated magnetization behav-
ior in detail across a metamagnetic transition from AF to FI
state in the Mn2Sb0.95Sn0.05 compound. The study clearly
brings out various generic features associated with a first-
order transition; viz., the appearance of hysteresis, the coex-
istence of magnetic phases. We observe as well that the mag-
netization versus field butterfly loops occurs, while the virgin
curve lies outside the envelope magnetization curve. Low-
temperature specific-heat measurement indicates that the
electric specific-heat coefficient increases with increasing the
applied field, when the field is larger than the critical transi-
tion field. This is the first direct evidence of the formation of
the super-zone gap, which further proves that the large MR
effect in intermetallic compounds is originated from the re-
construction of Fermi surface, due to the collapse of the
super-zone gap after the metamagnetic transition.
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FIG. 4. Magnetization versus field butterfly loop for
Mn2Sb0.95Sn0.05 compound at 5 K.
FIG. 5. CP /T versus T2 for Mn2Sb0.95Sn0.05 compound in differ-
ent fields. The inset represents CP /T versus T2 for Mn2Sb and
Mn2Sb0.95Sn0.05 compounds in zero fields.
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